interpeak intervals, and central conduction times throughout the age range studied, and slopes of latency-level curves remained abnormally steep Developmental changes in auditory brainstem responses (ABRs) to clicks and tone bursts were studthrough P28. Response amplitudes were generally larger in heterozygotes than in hyt/hyt (e) mice, regardied in genetically hypothyroid Tshr mutant mice that were homozygous for the hypothyroid trait (hyt/hyt), less of level. Replacement of thyroxin during the first 10 postnatal days in hyt/hyt (h) pups had little to no as well as in euthyroid individuals that were heterozygous for the trait (ϩ/hyt). The developmental role of effect on the development of auditory function, although more animals from this group were responmaternal thyroid hormones was determined by comparing homozygotes that were offspring of euthyroid sive at very high stimulation levels. We conclude that auditory function is impaired in hypothyroid Tshr ani-(hyt/hyt (e) ) or hypothyroid (hyt/hyt (h) ) dams; all heterozygotes were born to euthyroid dams (ϩ/hyt (e) ). mals throughout development and that impairment is profound when individuals are not exposed to materClear responses to high-level stimuli were recorded from heterozygotes on postnatal day 12 (P12) for most nal thyroid hormone, i.e., a clear thyroxin-dependent critical prenatal period exists in the Tshr mutant stimulus conditions, and thresholds, response amplitudes, interpeak intervals, and latencies developed mouse.
INTRODUCTION
observed until P21. Thresholds improved with age in ϩ/hyt (e) and hyt/hyt (e) individuals, and latency-level When thyroid hormones are congenitally deficient in curves were relatively steep in young animals and altricious mammals, delays are observed in the onset developed normally in ϩ/hyt (e) mice with the most and maturation of cochlear potentials (Uziel et al. significant changes occurring between P15 and P21. In 1980) , auditory reflexes (Deol 1973; Comer and Norgeneral, hyt/hyt (e) mice exhibited prolonged latencies, ton 1982), and the auditory brainstem response (ABR) (Uziel et al. 1983a; Hébert et al. 1985b) . Anatomical correlates include delays in the opening of the exter- ear mesenchyme (Uziel et al. 1980) , and the transfor- 1981, 1983a) . Depending on the duration and severity of hypothyroidism, auditory deficits can persist into that the severity of cochlear pathology is enhanced when hypothyroidism is initiated in C57 mice prior to adulthood, as demonstrated by apparently permanent changes in the cochlear microphonic (Uziel et al. the onset of fetal autonomous secretion (Deol 1973) . The coupling of pre-and postnatal hypothyroidism in 1983a), the VIIIth nerve compound action potential (Uziel et al. 1983a) , behavioral thresholds (Goldey et the hyt/hyt (h) mouse may, therefore, lead to more severe hearing deficits than those observed in hyt / al. 1995a,b) , and the ABR (Uziel et al. 1983a; Hébert et al. 1985a,b; Albee et al. 1989; Meza et al. 1991) .
hyt (e) animals. Although untested, hearing defects in hyt/hyt mice Based on findings from other laboratories, cochlear pathology appears to be widespread, including malforcould arise from anatomical and/or biochemical defects present prior to the onset of hearing or, altermation of the tectorial membrane presumably as a result of continued secretory activity by cells of the nately, from degenerative processes that become functionally significant only after hearing has developed. inner sulcus epithelium (Legrand et al. 1988; Rabié et al. 1988) , irregularities in the microtubular frame-
The answer to this question will be almost certainly complex, since hearing impairment is associated with work of the tunnel of Corti (Gabrion et al. 1984) , and surface, cytoplasmic, and synaptic abnormalities of both congenital and adult onset disease (Post 1964; Meyerhoff 1979; Anniko and Rosenkvist 1982;  Bensensory cells (Uziel et al. 1983a,b; Prieto et al. 1990) .
In a companion article, we reported that auditory Tovim et al. 1985; Di Lorenzo et al. 1995) . The aim of the current study was to track the development of function in the genetically hypothyroid mouse, commonly known as the Tshr hyt mutant or hyt mouse, is auditory function using the ABR and to determine the extent to which pre-and postnatal thyroid hormone abnormal in individuals who are homozygous for the hyt allele. Acoustic thresholds are elevated, response levels influence the development of function in the Tshr mutant mouse. latencies are prolonged, and amplitudes are attenuated in affected animals relative to normal, euthyroid littermates (Sprenkle et al. 2001) . The findings from that study corroborate and extend the observations of
MATERIALS AND METHODS
O'Malley and his colleagues (O'Malley et al. 1995; Li et al. 1999) , who also reported cochlear abnormalities
Study design
in hyt/hyt animals.
Hypothyroidism in hyt/hyt mice arises from a point ABRs were recorded from independent groups of male Tshr mutant mice at ages approximating the onset of mutation in the gene that encodes the thyrotropin receptor, a condition that prevents the synthesis of hearing, i.e., the age that responses to intense airborne sounds are first observed (P12, where P represents normal levels of thyroid hormone (Beamer et al. 1981; Beamer and Cresswell 1982; Stein et al. 1989 Stein et al. , 1994 . postnatal day), the period of rapid development (P15 and P21), and the mature condition (P28). A fortuitous outcome of this genetic condition is that two distinct models of hypothyroidism are available in Experimental animals were generated using two distinct mating paradigms. In the first, offspring from a single murine strain. If hyt/hyt pups are derived from euthyroid, ϩ/hyt dams, fetuses are exposed to materlitters produced by hyt/hyt male and ϩ/hyt female matings are designated ϩ/hyt (e) and hyt/hyt (e) , with the nal thyroid hormones, and in the case of homozygous pups born to hypothyroid, hyt/hyt dams, pups experisubscript reflecting the euthyroid state of their dams. Eight to 12 mice were evaluated in each group at each ence hypothyroidism from conception. Euthyroidderived hyt/hyt (e) mice exhibit typical signs of congeniage and subjects were drawn from 23 litters. In the alternative mating paradigm, offspring were collected tal hypothyroidism, including decreased body size (Beamer et al. 1981; Adams et al. 1989 ), neurochemifrom litters produced by hyt/hyt male and hyt/hyt female pairs; offspring are designated hyt/hyt (h) to cal and behavioral defects (Noguchi and Sugisaki 1984; Adams et al. 1989; Laffan et al. 1989; reflect the hypothyroid state of their dams. This group was further subdivided into those that received postnaal. 1991; Anthony et al. 1993; Li and Chow 1994) , as well as auditory abnormalities (O'Malley et al. 1995) , tal thyroxin replacement therapy (designated T 4 -hyt/ hyt (h) ) and those that received saline placebo (hyt/ whereas ϩ/hyt (e) littermates appear phenotypically normal.
hyt (h) ). Six to nine mice were evaluated in each of these groups at each age and subjects were drawn from 18 The characteristics of hypothyroid-derived hyt/hyt (h) mice, on the other hand, remain largely unknown litters. Each animal was studied at a single age. Creighton University's Animal Care and Use Commit-(Erf 1993) because of the difficulty of initiating and maintaining pregnancies in the hypothyroid state tee approved the protocols employed in the care and use of animals used for this study. (Hendrich et al. 1976 ). The probable importance of Animal husbandry recording sessions and maintained at approximately 37.5ЊC using a heating blanket. Animals were bred and housed as described in SprenDigitally synthesized tone bursts (3 ms in duration kle et al. (2001) . Prior to and between matings, the with 1 ms rise/fall times) and clicks (60 s in duration) chow (Formulab Chow 5008, Purina Mills, Inc., were alternated in polarity and delivered at a rate of mond, IN, USA) of hyt/hyt animals used for breeding 5/s in the free field via a high-impedance piezoelectric was supplemented with thyroid hormone to enhance tweeter positioned 10 cm from the subject's vertex. fertility. In females, chow supplementation was disconStimulus levels were calibrated with a 0.5 in. microtinued seven days prior to the pairing of prospective phone (Brüel & Kjaer, Norcross, GA) and are reported mates and did not resume until all pups from a speciin decibels sound pressure level (dB SPL: referenced fied litter were harvested. Litters were culled to six to 20 Pa). Maximum output levels for clicks and 20, pups within 24 hours of birth. Both male and female 16, 8, 4 , and 2 kHz stimuli were 122, 112, 114, 118, offspring remained with the dam until the time of 133, and 112 dB SPL, respectively. Thresholds to clicks testing.
and tone bursts at these frequencies were obtained, and response level series were acquired using both clicks and tone bursts (20 and 8 kHz) incremented T 4 replacement from below threshold to 90 dB SPL in 5-dB intervals. Either thyroxin or saline was administered to hyt/hyt (h) ABRs were recorded using subdermal electrodes pups, as in Sprenkle et al. (2001) , on a daily basis from positioned at the vertex (noninverting active lead), birth (P0) through postnatal day 10, a stage that has mastoid region (inverting reference lead), and over been identified as a critical, thyroxin-dependent, the neck musculature (ground). Differentially developmental period in mice (Deol 1973) . Serum recorded signals were amplified [100,000ϫ], bandthyroxin levels in the group designated T 4 -hyt/hyt (h) pass filtered (0.03 and 10 kHz), and sampled every 50 were restored to normal, age-matched values via subcus over a 20-ms epoch that included a baseline period taneous injections of thyroxin on days 0-5 (4 ng/g), occurring 5 ms prior to stimulus delivery. A total of 6-8 (5.8 ng/g), and 9-10 (9.1 ng/g). 500 trials were averaged for each recording and each ABR was replicated.
Serum T 4 determinations Data analysis
Serum T 4 levels were assayed according to the proceTwo-way analysis of variance (ANOVA) was used to dure of Beamer et al. (1981) , and the method used evaluate differences in body weights, and one-way for this study is described in more detail in Sprenkle ANOVA was used to test for differences in birth et al. (2001) . Blood was collected from the tail vein weights, and ages of eye-opening and pinna-raising on the day of ABR testing and radioimmunoassays among the groups. Tukey tests were used for multiwere performed in duplicate. The assay detection limit ple comparisons. was 0.01 g/dL.
ABR thresholds, wave latencies, and amplitudes were measured as in Sprenkle et al. (2001) . Nonparametric statistics (Kruskal-Wallis test) were used to Behavioral and physical assessments make intergroup comparisons and differences were Daily records were made to identify gross physical considered significant at the p Ͻ 0.01 level. changes (e.g., body weights and ages associated with eye-opening and pinna-unfolding) and behavioral differences (circling tendency, righting reflex, and pos-RESULTS ture) among the groups. Behavioral evaluations, described in more detail in Sprenkle et al. (2001) ,
Somatic and behavioral characteristics
were routinely executed on P21 and P28.
Serum T 4 levels in placebo-treated hyt/hyt mice derived from hyt/hyt females (hyt/hyt (h) ) were always Ͻ1.0 g/ ABR measurements dL on P12, and serum titers did not increase over the age range studied in this investigation (Fig. 1) . In ABRs were recorded from individual mice on P12, P15, P21, or P28 [a more detailed discussion of the method contrast, serum levels measured in progeny of hyt/hyt male ϫ ϩ/hyt female matings fell into two distinct can be found in Sprenkle et al. (2001) ]. Subjects were anesthetized using chloral hydrate (480 mg/kg IP) and categories that were evident as early as P12 (Fig. 1,  circles) . With the exception of one borderline case, supplemented with boosters (120 mg/kg) as needed. Body temperature was monitored throughout serum levels in one group were Ͻ1.0 g/dL, as in the (h) animals that (Table 1) . Body weight differences were striking by were treated with thyroxin between birth and P10, P28, the age that ABRs were tested ( Fig. 2) , and the serum T 4 levels remained elevated relative to values mean weight of individuals in the ϩ/hyt (e) group was measured in placebo-treated (hyt/hyt (h) ) individuals on approximately twice that of the group derived from P12 ( p Ͻ 0.01), although the mean titer was notably lower than in heterozygotes. By P15 serum levels had hypothyroid dams. Hyt/hyt (e) mice were, on average, always heavier than hyt/hyt (h) counterparts, but differences were not always significant. Growth deficits in both groups of hyt/hyt mice were accompanied by delays ( p Ͻ 0.001) in eye-opening and pinna-raising (Table 1) , as shown previously for hyt/hyt (e) mice (Adams et al. 1989; Sprenkle et al. 2001) , and developmental delays were not dependent on exposure to prenatal thyroid hormone. Likewise, postnatal thyroid hormone exposure did not affect the timing of these events in hyt/hyt (h) animals. Overt vestibular abnormalities were not apparent (Table 1) and circling was observed in a small percentage of each group, i.e., 16% (3/9) of hyt/hyt (e) mice and 8% (1/12) of hyt/hyt (h) mice tested on P21 and P28. Circling among hyt/hyt (h) mice was not affected by exposure to postnatal thyroxin, i.e., 17% (2/12) of T 4 -hyt/ hyt (h) circled.
Appearance of ABR waveforms
Low-amplitude ABRs were observed in ϩ/hyt (e) mice at the earliest age studied (Fig. 3B , top three tracings), with 90-dB-SPL clicks eliciting responses in 25% of the heterozygotes studied and 90-dB-SPL tone bursts eliciting responses in nearly the entire sample of heterozygotes above 4 kHz. While the four peaks that characterize ABRs recorded from adults were observed in some 12 day olds, peak amplitudes and latencies were small and prolonged, respectively, in addition to being highly variable. By P15, all ϩ/hyt (e) mice as discussed in the following sections, such that completely mature waveforms were observed by the end of the third week. All four waves were observed in 12 and latencies prolonged relative to heterozygous of the 13 ϩ/hyt (e) 28-day-old mice studied. As in other counterparts. mammals, response amplitudes increased and latencIn striking contrast to the development of function ies decreased with age, and typical level-dependent in euthyroid-derived offspring, hypothyroid-derived characteristics were observed throughout develophomozygotes (hyt/hyt (h) ) failed to respond to 90-dBment, as depicted for the 20-kHz condition in Figure  SPL clicks at any age tested. 4B. The overall appearance of the ABR on P21 and P28 was similar to that observed in 3-month-old heterozygotes in a companion study (Sprenkle et al. 2001 ).
Incidence of response
Although not all individuals belonging to the hyt/ hyt (e) category responded to clicks on P12, a large
The percentage of individuals from each group that responded to the maximum sound pressure available portion of the population did (ϳ75%), and waveforms recorded from responsive animals were grossly immafor specified stimulus conditions throughout the age range studied in this investigation is shown in Figure  ture , typically consisting of two broad peaks identified as waves I and IV (Fig. 3A) . Response characteristics 5. Maximum output levels ranged between 112 and 122 dB SPL, except for the 4-kHz condition where were highly variable among hyt/hyt (e) individuals when compared with responses recorded from ϩ/hyt (e) aniit was 133 dB SPL. Predictably, heterozygotes (open circles) were the most responsive of the groups studied mals at all ages, and hyt/hyt (e) animals failed to achieve the same degree of maturity as individuals in the here and, with few exceptions, all ϩ/hyt (e) individuals were responsive to clicks and tone bursts in each ϩ/hyt (e) category, i.e., amplitudes remained small centage of mice responding to clicks and tone bursts is plotted as a tive examples of ABR waveforms from homozygous mutants (A) and function of postnatal age for each study group. The symbol key for heterozygotes (B) derived from heterozygous dams are plotted at the all panels is located in the bottom-right panel. Each stimulus was indicated ages (P12, P15, P21, and P28) in response to a range of delivered at its maximum output level, which for clicks and 20-, 16-levels at 20 kHz. Two replicates are shown overlapping at each level.
, 8-, 4-, and 2-kHz tone bursts corresponded to 122, 112, 114, 118, Each set of waveforms represents responses to stimuli starting at 90 133, and 112 dB SPL, respectively. Six to 13 mice were tested in dB SPL (upper trace of set) and decreasing in 10-dB steps (successively each group at each age. lower traces).
individual from this group responded to 2 kHz. recording session (Fig. 5) . Interestingly, although
In an experiment that allowed us to determine homozygotes that were exposed to maternal T 4 , the whether or not the thyroxin-dependent critical period hyt/hyt (e) group (filled circles), were less sensitive as a observed by Deol (1973) in C57BL/Gr mice extended group than their heterozygous cohorts on P12 and to P10 in Tshr mutants, thyroxin was administered to P15, all were responsive by P21, except in the case of hyt/hyt (h) animals for the first 10 postnatal days, after 2 kHz. The decline of responsiveness at 2 kHz in older which individuals were studied on the standard test pups may reflect the overall insensitivity and associated dates. Representatives of this group are designated response variability of Tshr mutants in that frequency T 4 -hyt/hyt (h) in Figure 5 (open squares), and it is clear range. Unlike homozygotes exposed to T 4 prenatally, that T 4 treatment was effective for all stimulus condihyt/hyt (h) mice (filled squares) were grossly insensitive tions except 2 kHz. Interestingly, however, recovery throughout development, and the curves representing was age dependent such that the majority of treated this group were striking in their contrast with those animals responded regardless of stimulus type on P28 representing other categories. Only rarely did the per-(except at 2 kHz). centage of responsive animals from this group of Another way of looking at responsiveness from a homozygous individuals born to homozygous, hypopopulation perspective is to consider response incithyroid dams rise above 30%, except for 4 kHz, a finddence rates for each experimental group as a function ing that almost certainly reflects the higher output of the system at that frequency. Note that not a single of stimulus level, as shown in Figure 6 . This approach allows one to appreciate developmental changes in a between P15 and P21 as heterozygotes acquired adultlike sensitivity and homozygotes that were exposed to group's overall responsiveness by scanning panels in the vertical dimension for each of the stimuli shown thyroxin prenatally stalled developmentally. It is also evident that the consequence of treating homozygotes (clicks, 20 kHz, and 8 kHz). The severity of the disease among homozygotes born to homozygous dams (filled born to homozygous dams with thyroxin during the first 10 postnatal days was significant in that response squares) is apparent in this format in that relatively few members of this group responded to acoustic stimincidence increased at high levels, primarily between P21 and P28, although thresholds for this treatment ulation, regardless of level or stimulus type, and there was essentially no change in the group's functional group were essentially unchanged throughout the period of the investigation. status throughout development.
Heterozygotes (open circles), on the other hand, As expected, the percentage of responsive ϩ/hyt (e) animals (open circles) on P28 increased regularly developed normally relative to other mammals, in that three clear stages were identified. First, responsiveness along a steep trajectory with a dynamic range (i.e., the range of levels over which changes in responsiveness changed very little between P12 and P15. However, significant changes occurred between P15 and P21 of the sample occur) of approximately 20-30 dB, and the most sensitive individuals of the population and maturity was achieved by P28, if not by P21. Homozygotes born to heterozygous dams (filled circles) also responded to tone bursts and clicks in the vicinity of 10-15 dB SPL. Homozygous mutants derived from improved with age, with progress occurring along two dimensions: (a) more individuals were responsive at euthyroid dams, the hyt/hyt (e) group, were 25-35 dB less sensitive than heterozygous cohorts, and the P15 than at P12 at higher levels, and (b) overall group thresholds improved, as depicted by the leftward shift dynamic range was 35-45 dB, approximately 15 dB greater than in heterozygotes. Except for the 2-kHz in the curves, although the change was small. The most dramatic intergroup difference was evident condition, all individuals in both ϩ/hyt (e) and hyt/ hyt (e) categories eventually responded to all stimulus constantly high during the first 28 postnatal days among placebo and thyroxin-treated homozygotes derived types. In stark contrast, homozygotes born to homozygous dams, that is, individuals with absolutely no prior from hypothyroid dams (hyt/hyt (h) ) (Figs. 7C and D) . These findings are shown in the form of thresholdhistory of T 4 exposure, were essentially unresponsive under all conditions. The lowest level that elicited vs.-age plots in Figure 8 . Homozygotes born to hypothyroid dams (hyt/hyt (h) ) (filled squares) were clearly less responses in any member of the hyt/hyt (h) group was in the vicinity of 100 dB SPL and dynamic ranges were sensitive to acoustic stimulation than either heterozygotes (open circles) or homozygotes born to euthyroid approximately 5-10 dB, although system output limits may have confounded the accurate estimation of this dams (hyt/hyt (e) ) (filled circles), regardless of age. Thresholds for animals in the hyt/hyt (h) category that parameter. Even at the highest output levels available, responsiveness was limited to a relatively small portion responded to acoustic stimulation at all were in the range of 120 dB SPL and this group remained insensiof the population. Thyroxin treatment during the first 10 postnatal days partially prevented dysfunction in tive to acoustic stimuli throughout the period of the study. For clicks and tone bursts Ն4 kHz, significant hyt/hyt (h) animals, but improvement was meager, with sensitivity enhancement in the range of 5 dB. Dynamic threshold differences on the order of 30-40 dB were evident by P21 when ϩ/hyt (e) animals were compared range was also reduced relative to normal animals, possibly a result of system output limitations. In addiwith hyt/hyt (e) animals. With the exception of the 2-kHz condition, both heterozygotes and homozygotes born tion, the entire population responded to a highly restricted set of intense stimuli.
to euthyroid dams (hyt/hyt (e) ) acquired sensitivity according to the formula suggested by Walsh et al. (1986a) , in which a period of insensitivity is followed
ABR thresholds
by a period of rapid change after which adult values are achieved. Response thresholds were elevated in the ϩ/hyt (e) group through P15 (Fig. 7A) , decreased significantly ( p Ͻ 0.01) by P21, and generally stabilized in the adult ABR wave latencies range by P28. An abrupt, albeit small, drop in thresholds was also observed for hyt/hyt (e) animals between P15
Following expected developmental trends, absolute response latencies among heterozygotes decreased as and P21 ( p Ͻ 0.01) in response to clicks and tone bursts above 2 kHz (Fig. 7B) . In contrast, thresholds remained a function of age, as shown for responses to clicks, 20 Quantitative estimates of latency-level slopes were determined by normalizing each individual's latencies to the value measured at 90 dB SPL (taking the difference and adding 1), converting to logarithmic values, and performing a least-squares linear regression. The mean slopes of latency-vs.-level curves for all four ABR waves clearly decreased during the first 21 postnatal days in the ϩ/hyt (e) group and generally appeared to follow a simple exponential time course (Fig. 11) . Although there were exceptions (i.e., clicks on P12 and 8 kHz on P15), wave I latency-level slopes were generally shallower than those of later occurring waves until P21 when adultlike values were observed for all conditions. The rate that slopes associated with lateroccurring waves (wave IV in particular) decreased during the first 21 postnatal days had a tendency to be higher than for earlier-occurring waves (waves I and II in particular). This was especially clear for the 20-kHz condition, where, on P12, latency-level curves representing waves III and IV for the 20-kHz condition were steeper than those representing wave II, while slopes representing all three later-occurring waves were similar on P15. This trend was less clear in the case of 8 kHz, where the slopes representing wave II latency-level curves were steeper than expected on P12, and in the case of clicks, where similar trends were noted for click responses, although the slopes of waves II and III were indistinguishable from wave I on P12.
FIG. 8. Maturation of ABR thresholds for euthyroid and hypothyroid
Interestingly, the slopes of latency-level curves from values were generally higher on P28 than on P21 (Fig.11) . Because of the small number of responsive animals on P12 and P15, it was not possible to reliably kHz, and 8 kHz at 90 dB SPL in Figure 9 . Latency decrements followed an essentially exponential time analyze slope trends for those conditions. The extent to which insensitivity contributed to course and either achieved adult values or were within the range of adult values by P21. Similar trends were latency prolongation was estimated by considering latency-vs.-level curves in the context of sensation levels observed for hyt/hyt (e) animals, with the exception of wave I elicited by clicks and 20-kHz tone bursts. Over-(SL) as shown in Figure 12 for wave I. Based on the similarity of findings derived from SL and SPL analyses, all, response latencies in hyt/hyt (e) animals were prolonged relative to those produced by heterozygotes, we conclude that threshold differences account for little of the intergroup latency differences observed in reflecting, at least in part, the relative insensitivity of hypothyroid animals.
this study, i.e., a factor other than threshold difference contributed to latency prolongation in hypothyroid A complete set of latency-intensity curves is shown for individual ϩ/hyt (e) (open symbols) and hyt/hyt (e) individuals. animals (filled symbols) for the 20-kHz condition for the four waves of the ABR in Figure 10 . While it is ABR interpeak intervals clear that latencies are generally prolonged among hyt/hyt (e) individuals relative to ϩ/hyt (e) individuals, In ϩ/hyt (e) mice, interpeak intervals (IPIs) and central conduction times (CCTs) measured at 90 dB SPL were group values overlap at most ages, with the notable exception of P21. Latencies of all waves were inversely prolonged in young animals and decreased during development, reaching adultlike values no later than related to stimulus level for both study groups at all ages. As dynamic range increased with age, slopes of P21 (Fig. 13 ). Variability associated with IPIs and CCTs tended to be larger at P12 and P15 than at P21 and latency-level curves tended to decrease and assumed an exponential form.
P28 because of individual differences in time courses of development. For all stimuli (clicks, 20 kHz, and 8 hypothyroid individuals. As in heterozygotes, IPIs decreased with age in homozygous animals, although kHz), and at almost all ages studied, IPIs associated with hyt/hyt (e) animals were prolonged relative to hetmean values were typically elevated, even at P28. Generally, slopes of average IPI-intensity curves erozygotes, indicating that development is delayed in FIG. 11 . Developmental changes in slopes of latency-level curves. Mean slopes of latencylevel curves for ABR waves I through IV from ϩ/ hyt (e) (open symbols) and hyt/hyt (e) (filled symbols) mice in response to clicks (left panel), 20 kHz (middle panel), and 8 kHz (right panel) are plotted as a function of postnatal age. Symbol key for all panels is shown at the top. Slopes were computed by normalizing each subject's latency-level curve to the latency value observed at 90 dB SPL (taking the difference and adding a value of 1), converting the normalized latencies to logarithmic values, and performing a least-squares linear regression. Statistically significant differences were observed between ϩ/hyt (e) and hyt/hyt (e) groups in response to 8 kHz at P21 for waves I and III ( p Ͻ 0.001) and wave II ( p Ͻ 0.01) and at P28 for waves I through IV ( p Ͻ 0.001); in response to 20 kHz at P21 for waves I and II ( p Ͻ 0.001) and waves III and IV ( p Ͻ 0.01) and at P28 for waves I through III ( p Ͻ 0.001) and wave IV ( p Ͻ 0.01); and in response to clicks at P28 for wave III ( p Ͻ 0.001).
FIG. 12.
Latency-sensation level functions. Wave I latencies are plotted as a function of sensation level for clicks (left column), 20 kHz (center column), and 8 kHz (right column) at P12 through P28 (top to bottom rows). Open and filled symbols represent ϩ/hyt (e) and hyt/ hyt (e) groups, respectively. Sensation levels were computed by subtracting the threshold of each individual from the sound pressure level presented. Each curve represents the responses of an individual animal. Latencies (in ms) (mean Ϯ SEM) measured at threshold (0 dB SL) are reported for each group. The letter designation "a" indicates a statistically significant difference between the two groups ( p Ͻ 0.001).
from young heterozygous animals were steeper than Among hyt/hyt (e) mice studied at P21 and P28, average IPI-vs.-level curves were less regular than their ϩ/ those observed in adults. Level-dependent IPI characteristics were generally mature by P21, as depicted for hyt (e) counterparts, a finding that is indicative of the high degree of intragroup variability associated with the 20-kHz condition in Figure 14 . diseased individuals (Fig. 14, center panels) . However, groups were not observed. The smallest differences between heterozygotes and homozygotes were all IPIs representing homozygotes were notably prolonged throughout the dynamic range of response observed for the interval between waves I and II, and the largest differences were associated with central when compared with heterozygotes, although significant differences between the mean slopes of the two conduction time (I-IV interval), suggesting that the Hearing development is normal in ϩ/hyt (e) mice
As expected, auditory function in euthyroid Tshr mutant mice develops along a time line much like that ABR wave amplitudes of other normal mice, as well as mammals in general.
Although the most comprehensive model of auditory As with ABR amplitudes in general, responses were highly variable in all groups studied. However, developsystem development is based on the cat (Jewett and Romano 1972; Shipley et al. 1980 ; Walsh et al. mental trends were evident in both heterozygous and homozygous animals. This is most easily seen in a series 1986a,b,c), the basic plan appears to be conserved among mammals. This view is based on the outcome of average amplitude-vs.-level plots generated from click and tone burst responses for each ABR wave (Fig. of similar studies in other strains and species, including gerbil (McFadden et al. 1996) , mouse (Henry and 15). Peak amplitudes from both groups were relatively small at P12 and P15 and only high-level stimuli effecHaythorn 1978; Hunter and Willott 1987), rat (Jewett and Romano 1972; Iwasa and Potsic 1982 ; Rybak et tively evoked responses from hyt/hyt (e) individuals. In the case of clicks, average amplitudes associated with Blatchley et al. 1987), rabbit (Pettigrew and Morey 1987) , hamster (Schweitzer 1987) , and ferret ABRs from heterozygotes tended to increase between P12 and P21, but most dramatically between P15 and (Morey and Carlile 1990).
In the majority of mammals thus far studied, audi-P21. Further growth of amplitudes between P21 and P28 was observed in responses to clicks in heterozytory function is acquired in three relatively clear stages:
(1) a primitive stage characterized by extreme acoustic gotes, however, for 8 and 20 kHz, response amplitudes saturated near P21. In general, the amplitudes of most insensitivity, (2) a dynamic stage that is marked by rapidly improving thresholds, and (3) a refinement major waves tended to be smaller in hyt/hyt (e) animals than those observed in age-matched heterozygous stage during which adult function is acquired. As shown in this study, Tshr mutants follow that time counterparts. course precisely. First, 12-day-old ϩ/hyt (e) animals have hyt animals born to hyt/hyt dams may be normal from a qualitative perspective, although their development very high thresholds, relatively flat frequencythreshold curves, and response latencies that are prois clearly delayed several days relative to normal littermates. Nonetheless, certain normal-appearing longed and amplitudes that are small; second, relatively dramatic developmental changes occur inner-ear features seem to be relatively clear in adult hyt/hyt animals born to euthyroid dams. For example, between P15 and P21; and, third, gradual changes occur thereafter, culminating in adultlike conditions the tunnel of Corti is open, the inner spiral sulcus is grossly normal in appearance, and upper-tunnel crossby the end of the first postnatal month. Interestingly, at least some strains of mice (i.e., CBA-J) appear to ing fibers are present that project clearly into the domain of OHCs. These preliminary results suggest develop relatively early when compared with Tshr heterozygotes and do not pass through the primitive stage that functional deficits may occur in the absence of some obvious anatomical abnormalities, a finding that referred to above (Mikaelian and Ruben 1965) . The comparative significance of that finding is unclear.
is reminiscent of Forrest et al.(1996) , who observed normal cochlear anatomy in a TR␤ -deficient mouse Although the anatomy of the Tshr mouse has not been studied developmentally, it is relatively safe to exhibiting significant inner-ear pathophysiology. The impact of hypothyroidism on the development assume that morphological changes in heterozygous hyt mice are similar to changes observed in others, of auditory function is also evident in the differences between ϩ/hyt (e) and hyt/hyt (e) mice reported here. including the CBA/CBA mouse (Lim and Anniko 1985) , CBA-J mouse (Mikaelian and Ruben 1965) , and Development was not only delayed in hyt/hyt (e) mice, but response thresholds were grossly elevated on P28 the C57BL/6J mouse (Shnerson and Pujol 1983) . The final stage of cochlear development occurs rapidly relarelative to their heterozygous counterparts. Because thresholds measured on P28 were essentially the same tive to other mammals, such that complete maturity is achieved by the end of the third postnatal week.
as those measured on P21, as well as those in 75-90 day olds (Sprenkle et al. 2001) , we conclude that deficits During this period outer hair cell (OHC) synapses are refined (Kikuchi and Hilding 1965; Lenoir et al. 1980) , observed here are permanent, as they are in congenitally hypothyroid humans. Similar findings have been the tectorial membrane is secreted (Kraus and Aulbach-Kraus 1981; Lim and Anniko 1985) , Kolliker's reported in propylthiouracil (PTU)-treated rats (Uziel et al. 1981 (Uziel et al. , 1983a . organ is converted to the cuboidal epithelium of adulthood, and supporting cells acquire adultlike stature Although the degree of otopathology associated with the hyt/hyt (e) condition has not been studied (Kraus and Aulbach-Kraus 1981) . Myelination also occurs during this period and continues well into postexhaustively, O'Malley et al. (1995) and Li et al. (1999) have reported extensive abnormalities in adult hyt/ natal life (Webster and Webster 1980) . Maturity was essentially achieved in the ϩ/hyt (e) group studied here hyt (e) mice at both the light and electron microscopic level. Anomalies described by these authors involve by P21, much like that of other rodents who appear mature within two weeks of the onset of hearing (Iwasa both inner hair cell (IHC) and OHC cytopathology, as well as tectorial membrane (TM) and OHC stereociland Potsic 1982; Schweitzer 1987) .
iary abnormalities, and dysmorphia of the tunnel of Corti, including anomalies of the pillar cell cytoskele-
Perinatal hypothyroidism causes developmental
ton. Similar irregularities have been observed in hypodelays and permanent hearing loss in hyt mice thyroid rats that include general cytopathology (Uziel et al. 1981 (Uziel et al. , 1983a , metabolic deficits (Uziel et al. One of the more remarkable findings of this investigation is that, in vivid contrast to heterozygotes, hyt/hyt 1981), immaturity and agglutination of stereocilia (Uziel et al. 1981) , as well as diminished numbers of animals born to hyt/hyt dams remained unresponsive throughout the period of the study, even if treated efferent OHC contacts and postsynaptic specializations (Uziel et al. 1983b) . It is notable that OHCs with thyroxin for the first 10 postnatal days. However, when genotypically identical individuals were born to appear to be more sensitive to hypothyroidism than IHCs in both hyt/hyt (e) mice and congenitally hypothyheterozygous mothers, who were themselves phenotypically normal, partial development occurred (i.e., roid rats (Uziel et al. 1983a,b; O'Malley et al. 1995) . OHC abnormalities have been detected as early as P3 thresholds improved some, latencies shortened, amplitudes increased, etc.), dramatizing the importance of in PTU-treated rats, well before the expected onset of hearing, and these abnormalities fail to resolve in even prenatal thyroxin on the development of auditory function. The anatomical correlates of profound, lifefully adult animals, according to Uziel et al. (1985) . These findings are consistent with the observation of long hypothyroidism are unknown, although preliminary developmental studies are underway in our Uziel et al. (1983b) that OHC differentiation is delayed in hypothyroidism, as is efferent synapse formation laboratory. These early studies suggest that at least certain anatomical features of the end organ of hyt/ on OHCs.
While extensive otopathology has been reported in their discovery will require the use of more sensitive methods of detection. hyt/hyt (e) and PTU-treated animals (Uziel et al. 1985; O'Malley et al. 1995; Li et al. 1999) , reports from other laboratories suggest a somewhat different picture.
Prenatal hypothyroidism profoundly attenuates Deol (1973) , for example, found cochleae of mice hearing in the hyt mouse treated with PTU during the postnatal period, a condiThe profound growth deficits and otopathophysiology tion much like that of the hyt/hyt mice born to heteroobserved in hyt mice born to hypothyroid homozygote zygous dams studied in O' Malley et al. (1995) and Li breeding pairs clearly indicates that maternal thyroid et al. (1999) completely normal at the light level of hormones significantly contribute to both somatic and microscopy. Cochlear anatomy is also normal at the auditory development, at least in hypothyroid individlight level in mice lacking normal ␤ thyroid hormone uals. Because of its genetic character, the Tshr mouse receptors (Forrest et al. 1996) . Neither is there clear can be readily exploited in the effort to understand evidence of otopathology beyond expected developthe importance of maternal hypothyroidism on progmental delays in either young or young adult hyt/ eny that are genetically normal and those that are not hyt mice studied in our laboratory, although we are with respect to thyroid hormone production. In most hesitant to suggest that the TM, for example, is normal experimental studies, hypothyroidism is induced startin these specimens (Walsh et al. 2000) . Although ing at the age of autonomous secretion of thyroid O'Malley and his colleagues point out that certain hormones (or later) and requiring the treatment of cochlear anomalies require the electron microscope both dams and pups and potentially producing for detection, other features, like the tunnel of Corti changes in both the dam and fetus. To our knowledge, or the gross structure of tunnel pillar cells or the charthe most directly useful comparative study is Deol's acter of the TM, do not, and the resulting picture is (1973) report of PTU-induced hypothyroidism in the confusing. This confusion is not diminished when the C57 mouse. By exposing dams and pups to PTUdegree of pathophysiology is compared with the treated drinking water, Deol (1973) found cochlear degree of otopathology reported. It is difficult to defects and impairment of the pinna (startle) response understand, for example, how animals exhibiting such to be severe when PTU treatment was initiated on or extensive pathology could be as responsive as hyt/hyt prior to the 15th gestational day, consistent with our animals are, particularly in light of the heterogeneous findings in the hyt/hyt (h) mouse. Surprisingly, however, distribution of abnormalities along the cochlear spiral he found no permanent reflex impairment or signifiwithin an individual, e.g., normal-appearing regions cant anatomical defects when PTU exposure was were observed adjacent to grossly abnormal regions delayed until the time of birth or when PTU exposure in O' Malley et al. (1995) . The resolution of these queswas accompanied by T 4 replacement delivered as late tions will be interesting to follow as the anatomical as the time of birth. character of affected animals is studied more There are two reasons that very few experimental extensively. models have explored the effects of combined Although the dominant pathology of hyt/hyt animaternal/fetal hypothyroidism on mammalian hearmals is clearly sensory in character, CNS abnormalities ing development. First, there is the practical problem related to conduction velocity also contribute to the of obtaining viable litters from hypothyroid dams overall pathology of hyt/hyt mice, at least transiently. (Hendrich et al. 1976) , and, second, and perhaps more At least two prospective sources are implicated in this importantly, the common view that embryonic develfinding: myelination and synapse function. While it is opment occurs independent of thyroid hormone influimpossible to parse the relative contribution of ences. At the center of this debate is the question of retarded myelination and synapse abnormality using placental transport and metabolism of thyroid horthe methods employed here, myelination delays are mones that remains a controversial issue complicated known to occur in hypothyroidism (Knipper et al. by mechanisms that may be species-and/or stage-spe-1998), as are synapse anomalies (Uziel et al. 1985) , cific (Fisher 1986; Emerson and Braverman 1991) . In suggesting that both elements contribute to delayed the rat, clearly detectable amounts of T 4 and to a lesser response times observed among these animals. extent its deiodinated metabolite T 3 , have been measAlthough both IPIs and CCTs were prolonged ured in fetal serum prior to the onset of fetal secretion throughout the study period, they eventually acquire (Calvo et al. 1990 ). Furthermore, the fetal brain has values similar to those observed in heterozygotes been shown to concentrate maternal T 4 (Morreale de (Sprenkle et al. 2001) , indicating that the development Escobar et al. 1985; Ruiz de Oña et al. 1988) . In addiof central pathways progresses at a remarkably slow tion, receptors for T 3 are present in the neural tube pace in hypothyroid individuals. It is likely that other from gestational day 11.5 (Bradley et al. 1992 ) and in the cochlea from gestational day 12 (Bradley et al. CNS abnormalities will be identified in the future, but
